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Sexual behaviour in Drosophila is irreversibly programmed
during a critical period
Benjamin I. Arthur Jr*, Jean-Marc Jallon†, Barbara Caflisch*, Yves Choffat* 
and Rolf Nöthiger*
Sexual differentiation in Drosophila is controlled by a
short cascade of regulatory genes, the expression
pattern of which determines all aspects of maleness
and femaleness, including complex behaviours
displayed by males and females [1–3]. One sex-
determining gene is transformer (tra), the activity of
which is needed for female development. Flies with a
female karyotype (XX) but which are mutant for tra
develop and behave as males. In such flies, a female
phenotype can be restored by a transgene that carries
the female-specific cDNA of tra under the control of a
heat-shock promoter. This transgene, called hs[tra-
fem], also transforms XY animals into sterile females
[4]. When we raised these XX and XY ‘females’ at 25°C,
however, they displayed vigorous male courtship while
at the same time, as a result of their female pheromone
pattern, they were attractive to males. Intriguingly, their
male courtship behaviour was indiscriminately directed
towards both females and males. When we forced
expression of tra by heat shock, applied during a limited
period around puparium formation, male behaviour was
abolished and replaced by female behaviour. We
conclude that sexual behaviour is irreversibly pro-
grammed during a critical period as a result of the
activity or inactivity of a single control gene. 
Addresses: *Zoological Institute, University of Zurich,
Winterthurerstrasse. 190, CH-8057 Zurich, Switzerland. †Université
Paris Sud, Centre Scientific d’Orsay, F-91405 Orsay CEDEX, France.
Correspondence: Rolf Nöthiger
E-mail: rolnot@zool.unizh.ch
Received: 2 July 1998
Revised: 7 September 1998
Accepted: 8 September 1998
Published: 12 October 1998
Current Biology 1998, 8:1187–1190
http://biomednet.com/elecref/0960982200801187
© Current Biology Ltd ISSN 0960-9822
Results and discussion
The genetic pathway controlling sexual differentiation in
Drosophila is illustrated in Figure 1. Chromosomally
female (XX) flies homozygous for tra1, a mutation that
abolishes tra function, develop as sterile pseudomales and
display the full repertoire of male courtship behaviour [1].
This ritual can be subdivided into a sequence of six ele-
ments that occur in fixed order: orienting; following; wing
vibration; licking; attempting to copulate; and copulation
[1,5,6]. The heat-inducible transgene hs[tra-fem] has the
peculiar property that its basal activity at 25°C is sufficient
to restore the female phenotype of X/X;tra1/tra1 animals
and to transform XY animals into phenotypical females
(pseudofemales) [4]; however, both of these types of
‘female’, which are X/X;tra1/tra1 hs[tra-fem] (referred to
here as X2) and X/Y;tra1/tra1 hs[tra-fem] (referred to as Y2),
respectively, are sterile and retain some male characteris-
tics that are dependent on the sex of the nervous system:
they have the male-specific abdominal muscle MOL [7],
which is formed only when the innervating motor neurons
are male [8], and they show male courtship behaviour.
The morphological and behavioural characteristics of X2
and Y2 flies, and the availability of a temperature-sensitive
transgene of tra, enabled us to address the following ques-
tions: When during development, if ever, is sexual behav-
iour programmed and how stable is this programme? Can
male and female behaviour be implemented simultaneously
or do they exclude each other? What makes these pseudofe-
males with male behaviour attractive to normal males?
Sexual behaviour is programmed around the time of
puparium formation
Two earlier reports [9,10] had shown that normal male
behaviour can be affected by local ectopic expression of
Tra protein in certain regions of the male brain. Neither
report, however, considered the time of tra expression.
Figure 1
The genetic cascade regulating sexual development in Drosophila. The
primary signal of the X-chromosome:autosome (X:A) ratio [2] sets the
state of activity of Sxl — active when the ratio is 2X:2A (females) and
inactive at a ratio of X:2A (males). Sxl controls tra to become active in
females and inactive in males. Active tra, together with the auxiliary
gene tra-2 which is not sex-specifically regulated, forces dsx to
produce the female-determining protein DSXF. When tra is inactive,
dsx produces the male-determining protein DSXM. In the branch
leading from tra to behaviour, fru [15], probably in concert with other
genes such as dsf [16], controls the sex of the CNS. Sexual behaviour
and the presence or absence of MOL (the male-specific muscle)
depend on the sex of the CNS [7]. (Arrows indicate the flow of
information and do not imply activation.)
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The heat-inducible transgene offered us the opportunity to
manipulate the sex of the central nervous system (CNS)
and to ask whether sexual behaviour is firmly fixed at some
time during development, or whether it remains flexible
even in the adult. An earlier report gave conflicting results,
suggesting a temperature-sensitive period as well as some
plasticity of sexual behaviour in adult flies [11].
The expression of the female-determining transgene
hs[tra-fem] can be boosted by heat shock. When we applied
heat shocks throughout development, male behaviour was
completely abolished in X2 and Y2 flies, and X2 flies even
became fertile females. Control flies showed no change in
sexual behaviour after heat shock (Y1HS and X1HS in
Figure 2). Applying heat shocks at different times during
development, we found a temperature-sensitive period
extending from shortly before puparium formation into
early metamorphosis. Forced expression of tra during this
period, but not before or after it, abolished male behaviour.
In contrast to results in the earlier report [11], this effect of
the tra gene during the temperature-sensitive period is
irreversible: our heat-shocked flies, even when returned
permanently to 25°C, never regained male behaviour; and
vice versa, even extended heat shocks applied after eclo-
sion could not abolish the male behaviour of X2 or Y2 flies
kept at 25°C during the temperature-sensitive period. 
Male behaviour is replaced by female when tra is
expressed during the temperature-sensitive period
When male behaviour is abolished, is it replaced by female
behaviour in X2 and Y2 flies? In contrast to the previous
reports [9–11], our work can now answer this question
because our animals have a female body (except for the
CNS) and so can manifest female behaviour. We tested four
responses typical of wild-type virgins and mated females
(Figure 3; see legend for experimental design). For all
responses, X2 flies showed partial recovery when heat-
shocked during the temperature-sensitive period, and they
reached almost the levels of X1 controls when heat-shocked
throughout development. Y2 flies never extruded the
ovipositor, but they became almost as unreceptive as control
females after injection of the pheromone sex peptide.
Whereas male behaviour is completely abolished by heat
shocks during the temperature-sensitive period, all female
elements appear only when tra function is supplied
throughout development (Figure 3). Thus, to recover the
full repertoire of female behaviour, tra is also required
outside the temperature-sensitive period. Nevertheless,
when X2 animals are heat-shocked before and after, but
not during, the temperature-sensitive period, they display
male behaviour, suggesting that female behaviour cannot
appear unless male behaviour is abolished. The replace-
ment of male behaviour by female behaviour could mean
that some cells can only execute either the female or the
male programme. Alternatively, the presence of functional
male centres in the CNS may inhibit proper functioning of
female centres.
The apparent contradiction between our results and those
of Belote and Baker [11], who observed some plasticity of
the adult CNS, is likely to be due to difference in geno-
type. Belote and Baker [11] used XX flies heterozygous
for a temperature-sensitive allele of tra-2 and a deficiency.
Even at the ‘female’-determining temperature, this geno-
type produced intersexual flies which still displayed some
elements of male behaviour. Teetering on the brink of
male and female, the flies could only be induced to
express either fewer or more male behavioural elements
and, in contrast to our X2 and Y2 flies, could never be
brought to switch from male to female behaviour and vice
versa. It is thus likely that the observed plasticity is a spe-
cific attribute of this ambiguous genotype, and it should
not be used to draw a general conclusion.
X2 and Y2 flies have a female pheromone pattern, but self-
stimulation is not responsible for their behaviour
In mating tests, X2 and Y2 flies, as expected from their
female phenotype, were attractive to wild-type males from
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Figure 2
Elements of male courtship behaviour displayed by an experimental
animal when confronted with a single virgin female. Embryos (0–4 hr)
were collected at 25°C and either kept at this temperature throughout
development (open symbols, left), or subjected to a series of seven heat
pulses (30 min each at 34°C) separated by 7.5 hr at 25°C (filled
symbols, HS, right). The position of the filled symbols along the abscissa
indicates the time of the fourth heat-shock, which is the midpoint of the
series of pulses, relative to puparum formation (time 0). The ordinate
gives the number and sequence of the elements of male behaviour: the
value 3, for example, means that orienting, following and wing vibration
were observed. The experimental animals were XX;tra1/tra1hs[tra-fem]
(X2) and XY;tra1/tra1hs[tra-fem] (Y2), and their siblings XY;tra1/TM6 tra+
(Y1, control) and XX;tra+/tra1hs[tra-fem] (X1, control). Each data point
represents the mean (± SEM) of at least 30 flies. 
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which they elicited normal courtship. When confronted
with wild-type virgin females, however, these same flies
displayed all the elements of male courtship, except copu-
lation; this final step is mechanically prevented because
X2 and Y2 flies have female genitalia. Strangely, the same
repertoire was evoked when they were confronted with
wild-type males or with their X2 or Y2 ‘sisters’, or even
with males of Drosophila virilis or of Musca domestica. This
aberrant sexual behaviour leads to bizarre situations where
a ‘female’ courts a male who in turn also courts his appar-
ently female partner. Such indiscriminate behaviour is not
observed with mature males of our wild-type stock. Thus,
X2 and Y2 flies are either unable to discriminate among
their sexual partners or are easily aroused.
Cuticular hydrocarbons function as pheromonal cues
between the sexual partners [12,13]. Consistent with
their attractiveness to males, we found a normal female
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Figure 3
Elements of female responses displayed by
4–6 day-old virgins (X1, X2, Y2; for genotypes
see legend to Figure 2). The animals were
assayed 3 hr after injection of either 3 pM sex
peptide (filled columns) or of Ringer’s solution
(controls, white columns). The pheromone sex
peptide is transmitted during copulation from
the male to the female where it elicits the typical
postmating reactions: increased ovulation and
oviposition, and increased reluctance to accept
courting males [21] (see X1 control females).
X1 siblings served as controls for female
behaviour. (a) Ovulation: the percentage of
females that extruded an egg when placed on
ice. (b) Oviposition: the average number of
eggs laid per fly within 24 hr after injection.
(c) Ovipositor extrusion (inseminated females
extrude the ovipositor in response to courting
males to discourage further advances): the grey
column indicates the percentage of flies that
responded at least three times to a courting
male; the black column gives the number of
extrusions of a fly per number of advances by
the male partner (%) during a 10 min
observation period. (d) Proportion of
unreceptive flies (%): females that did not
copulate within 1 hr of confrontation with wild-
type males (three females/seven males). At
least 10 flies with Ringer’s and 20 flies with sex
peptide were analysed for each test. Ovulation
and oviposition cannot be assayed for Y2
because the germ line of such flies is
spermatogenic [22].
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Table 1
Cuticular hydrocarbons in D. melanogaster.
Genotype Phenotypic sex Heat shock n ΣHC (ng) 7-T (%) 7,11 HD (%)
X1 Female – 4 1350 ± 311 0 33.9 ± 3.9
X1 Female + 14 3910 ± 392 1.5 ± 0.3 33.1 ± 1.4
X2 Pseudofemale – 20 1000 ± 163 1.0 ± 0.6 18.4 ± 1.7
X2 Pseudofemale + 23 3044 ± 460 1.4 ± 0.3 24.7 ± 2.2
Y2 Pseudofemale – 34 3910 ± 392 0.9 ± 0.4 19.5 ± 2.3
Y2 Pseudofemale + 9 1938 ± 295 1.2 ± 0.9 10.2 ± 2.5
Y1 Male – 33 1231 ± 237 49.7 ± 6.7 0
Y1 Male + 10 1178 ± 169 46.7 ± 1.4 0
XX dsxD/dsx Pseudomale – 10 2803 ± 724 41.8 ± 1.5 0
Cuticular hydrocarbons were washed off with hexane from individual
flies and analysed by gas chromatography [20]. Total amounts of
hydrocarbons were measured using n-hexacosane as internal
standard. Females have two characteristic peaks, corresponding to 7,
11 dienes with 27 (7,11 HD) and 29 carbons respectively, which are
absent from males [20]. Males have one abundant molecular species,
7-tricosene (7-T), which is present in females in only small amounts.
These compounds were measured for individual flies and averaged in
each individual category (± SEM). Animals with (+) or without (–) heat
shock; n, number of flies. The area of each peak is expressed as a
percentage of the sum of all areas (ΣHC). For genotypes, see Figure 2.
pattern of pheromones in X2 and Y2 flies, irrespective of
the heat-shock regimen (Table 1). — Could the indis-
criminate male behaviour of X2 and Y2 flies result from
continuous self-stimulation by their own female
pheromones? We replaced the female pheromone
pattern with the male pattern without affecting the CNS.
This was achieved by introducing the male-determining
mutation dsxD, which acts downstream of tra (Figure 1).
This mutation caused XX flies to produce a male
pheromone pattern (see Table 1). They were no longer
attractive to males. Similarly, the X2 and Y2 flies, now
with male body and pheromonal pattern due to dsxD,
were completely unattractive to males; but they still
courted both sexes. Such flies even managed to copulate
with females, showing that X2 and Y2 flies are capable of
performing the full repertoire of male courtship. These
results rule out self-stimulation, which is in accordance
with an earlier report [14], and leave a disturbed nervous
system as the most probable cause for the indiscriminate
mating behaviour.
Indiscriminate courtship behaviour is also displayed by
males mutant for fru [15] or dsf [16], and by males with
ectopic local expression of tra in cells of the mushroom
bodies and antennal lobes of the CNS [9,10]. In none of
these cases is the neurological basis known. Given that
sexual development is a cell-autonomous process in
Drosophila, the local expression of tra in male flies creates
a mosaic fly with male and female cells in the CNS. Simi-
larly, the aberrant behaviour of our X2 and Y2 flies may be
caused by inadequate expression of tra in some parts of
the CNS rendering these male, with concomitant suffi-
cient expression of tra in other parts rendering these
female; this could result in faulty neural communication.
The discovery of a temperature-sensitive period during
which the activity of tra is critical for the establishment of
sexual behaviour, and its occurrence within a period of
accelerated growth in the brain and especially in the
mushroom bodies [17], suggests that sexual behaviour is
‘hard wired’ in the CNS, leaving little plasticity, if any.
Given that the morphological differences between males
and females are minimal in their CNSs [18], the imple-
mentation of sexual behaviour is likely to be based on the
establishment of stable sex-specific neural circuits and
only subtle structural components.
Materials and methods
Fly stocks, genotypes and crosses
Flies were raised at 25°C on standard food. The wild-type stock was
Oregon R. Experimental (X2, Y2) and control (X1, Y1) animals were
generated by crossing y/y;Df(3L)st j7, st tra1 Ki roe pp hs[tra-fem]/TM6
females to w/Y; th st tra1cp ri pp/TM6 males. For gene symbols see
[4,19]. The X2 flies with a male pheromone pattern were
XX;tra1dsxD/tra1hs[tra-fem] dsx1. The mutation dsxD constitutively pro-
duces the male protein DSXM, and dsx1 is a recessive null allele. Thus,
XX;dsxD/dsx1 are pseudomales whose sexual behaviour is determined
by the state of activity of tra (Figure 1).
Mating tests, heat shocks, and female behaviour 
A single pair of flies was placed at room temperature in a plexiglass
arena (circle of 12 mm diameter, 6 mm high) and observed for 15 min
or until copulation. All flies were kept in isolation for 4–6 days after
eclosion until the experiment. Animals were heat-shocked by placing
culture vials in a water bath at 34°C for 30 min. For further details see
legend to Figure 2. Virgin animals (4–5 days old) were chilled on ice,
and 0.05 µl sex peptide (3 pmol) or Ringer’s solution was injected into
the abdomen. After the injection, the animals were transferred into vials
with food. For further details see legend to Figure 3.
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